The purpose of the present work is to revise the model of Ma et al. (Proc IMechE, Part C: J Mechanical Engineering Science 2014; 228(7): 1132-1154). In that work, emphasis is given to the effects of tip relief on the lateral-torsional coupling vibration responses of the system, in which the time-varying mesh stiffness (TVMS) is calculated without considering the extension of the meshing period of a teeth pair due to dynamic overloads. Moreover, the dynamic model of the geared rotor system does not take into account no-loaded static transmission error (NLSTE) caused by tooth profile modification. In the present paper, the effect of the extended tooth contact on TVMS is considered and the dynamic model of the geared rotor system is revised by introducing the NLSTE. Based on the revised model, TVMS, loaded static transmission error (LSTE), NLSTE, and vibration responses are determined. Finally, comparisons of TVMS, LSTE, and vibration responses between the original model and the revised model are performed. The results show that there are some differences for the vibration responses between the original model and the revised model, and the vibration amplitude of the latter is smaller than that of the former. Furthermore, the conclusion in the original paper that the tip relief is not effective in reducing the vibration at higher mesh frequency range is not consistent with the results in current work any more.
Revised model TVMS considering the effect of extended tooth contact
Many researches on gear kinematics and dynamics have been carried out based on theoretical engagement length obtained by treating a gear pair as rigid body. However, owing to the flexibility of the gear teeth, the incoming tooth pair will enter contact earlier than the theoretical start of contact. Similarly, the loaded outgoing teeth will leave contact later than the theoretical end of contact. The static transmission error, contact ratio, and time-varying mesh stiffness (TVMS) of actual gears will be different from those of theoretical considerations. [1] [2] [3] [4] Therefore, one of the main goals for this paper is to take the effect of extended tooth contact into account to obtain TVMS accurately.
In order to simplify the problem, avoid introducing other effects (like the gear width, the shape, and the size of the gear body), the analysis is performed under assumption of a plane strain problem. To reduce the computational time, the analysis is performed by a 2D model with only three teeth established by ANSYS software (see Figure 1 ). In the figure, the inner ring of gear 2 is supposedly fixed; the inner ring of gear 1 is loaded with a constant torque T 1 . 5 In order to consider the extension of the meshing period of tooth pairs, three contact pairs (I, II, and III) are established (see Figure 1(b) ), which can consider the tooth pair III entering contact automatically. However, in the original model only two contact pairs (I and II) are used, which cannot take tooth pair III entering contact into account. TVMS and loaded static transmission error (LSTE) under the input torques of T 1 ¼ 5, 10, 30, 50, 70, 100, 120, and 150 Nm are obtained which are shown in Figure 2 . In the figure, the blue zone denotes the period of theoretical double-tooth contact zone. It is obvious that hand over region (change over between the theoretical single zone and the double zone 6, 7 ) appears, which is owing to the flexibilities of the mating gears. With the increasing input torque, the single zone will be reduced by the extension of the hand over regions. Under high torque, owing to deformation of teeth, triple contact may happen for the gear pair in this paper without tip/root relief and semitopping (see Figure 2 ).
Revised dynamic model of geared rotor system considering NLSTE
The dynamic model of a gear pair used in the original paper 5 is a lumped mass model (see Figure 3) . The typical spur gear meshing is represented by a pair of rigid disks connected by a spring-damper set along the plane of action, which is tangent to the base circles of the gears. O 1 and O 2 are their geometrical centers, 1 and 2 are the rotating speeds, r b1 and r b2 are the radiuses of the gear base circles, respectively, k 12 (t) is time-varying mesh stiffness, c 12 (t) represents the mesh damping which is assumed to be zero in this paper. The angle between the plane of action and the positive y-axis is represented by 12 . represents the rotating direction of the pinion. In the original paper, the corresponding equation of the relative displacement of the gears in the direction of the action where e 12 (t) is no-loaded static transmission error (NLSTE). In order to consider rigid body displacements, the term e 12 (t) is added, which is due to intentional deviations from pure involute or to profile errors. 9 For better illustrating the NLSTE, Figure 4 presents the schematic of rigid body motion, and e 12 (t) can be obtained by 9 e 12 ðtÞ ¼ minðe 1 ðtÞ, e 2 ðtÞÞ ð3Þ
where e 1 (t) and e 2 (t) denote the displacement along the line of action between the modified profiles when one tooth pair gets contact. In Barbieri et al., 9 the mesh stiffness k 12 (t) is computed as follows
where p 12 (t) is only caused by the flexibility of the teeth and foundation.
Simulations and discussions TVMS of the tip relieved involute spur gear pairs
A long involute modification method is adopted. The schematic of tip relief is shown in Figure 5 . C a is the amount of the tip relief, and the same amount is assumed for the profile modifications of gears 1 and 2. r b , r b 0 are the base circle radiuses of the original and the modified involutes. H is the starting point of the tip relief. Modified involute profile equation is provided detailedly in Ma et al. Based on the revised FEM, TVMS, LSTE, and NLSTE for the gear pair in Ma et al. 5 are obtained under T 1 ¼ 150 Nm, as are shown in Figure 6 . On comparing Figure 6 (a1) with (a2), it can be seen that handover regions appear under C a ¼ 0 and 8 mm and do not appear under C a ¼ 15 and 20 mm, which is due to larger amounts of tip relief. Therefore, TVMS under C a ¼ 15 and 20 mm are the same as that of the Under C a ¼ 0 and 8 mm, three tooth contact zone appears. In the Figure 6 (b1) and (b2), it can be found that the peak-peak values of LSTE under C a ¼ 0 and 8 mm reduce obviously than that of previous model. The frequency spectrums of LSTE obtained based on the model in Ma et al. 5 are shown in Figure 7 , in which f 12 is denoted by 1 Â (the rotational frequency times corresponding number of teeth). For the cases of C a ¼ 0 and 8 mm, the amplitude of LSTE in this work decreases obviously.
The effects of the extension of the meshing period on stress distributions at positions c, d, e, and f are exhibited in Figures 8 and 9 , from which it can be seen that in Ma et al., 5 it is two-tooth engagement at positions e and f when the gear pair comes into mesh. However, in this work, at positions e and f it is three-tooth engagement. Without tip relief, the largest stress concentrates on the tip position. After tip relief, three-tooth engagement gradually becomes single-tooth engagement, and the largest stress decreases sharply.
Vibration responses of the geared rotor system considering tip relief
Revised TVMS and NLSTE shown in Figure 6 (a2) and (c2) are used to calculate the dynamic responses. Comparison of frequency responses between the original model and the revised model under C a ¼ 0 and 15 mm are exhibited in Figures 10 and 11 . Considering effects of extended tooth contact and NLSTE, the amplitudes of vibration response reduce evidently. When C a ¼ 0 mm, NLSTE e 12 (t) is zero without considering manufacturing errors and assembly errors. The TVMS is the only excitation for the geared rotor system. Due to considering the effect of the extended tooth contact, TVMS between the doubleand single-tooth engagements becomes smooth, and average TVMS become larger, which lead to the reduction of amplitude frequency responses of x 1 , x 2 , and meshing force (see Figures 10 and 11) . With tip relief (C a 6 ¼ 0), NLSTE e 12 (t) is caused by profile modification. TVMS and NLSTE both are excitation for the geared system. Here, C a ¼ 15 mm is taken as an example. Considering only TVMS excitation, only NLSTE excitation and both TVMS and NLSTE excitations for the vibration analysis of the geared rotor system, time-domain responses in x direction, and meshing forces under 2600 Hz (3000 r/min) are displayed in Figure 12 . In order to consider the effect of only NLSTE excitation on vibration responses, TVMS is assumed to be constant (average value 1.93 Â 10 8 N/m is adopted). In Figure 12 , vibration displacement and meshing force under only TVMS excitation are almost out of phase with those under only NLSTE excitation. Vibration displacement and meshing force under both TVMS and NLSTE excitations are reduced even on adding NLSTE excitation (see Figure 12) . Except for the reduction of amplitude frequency response, it can be seen that the frequency components of the revised model under C a ¼ 0 mm are similar with that of Ma et al., 5 in which the x direction resonant peaks of gears are still related to f 12 ¼ ! 1 , ! 3 , ! 7 , ! 9 , and ! 14 .
The vibration responses under the cases of C a ¼ 0, 8, 15, and 20 mm are also recomputed. Amplitude frequency responses of gears 1 and 2 in x and z directions under these four cases are displayed in Figure  13 . Considering effects of extended tooth contact and NLSTE, amplitude fluctuation of the vibration response reduces under C a ¼ 8 and 15 mm in the range of 2000 Hz 4 f 12 4 5000 Hz. However, amplitude of vibration response under C a ¼ 20 mm increases significantly compared with that of C a ¼ 0 mm, which is mainly owing to big NLSTE excitation caused by profile modification. It is found that effects of tip relief on vibration responses of the geared rotor system are not only related with the TVMS obtained after tip relief, but also concerned with the NLSTE. Excessive amount of tip relief will lead bad vibration features. At lower mesh frequency range (f 12 4 500 Hz), vibration amplitude for C a ¼ 8 mm is higher than that of C a ¼ 0 mm. Vibration amplitude for C a ¼ 15 mm is still lower than that of C a ¼ 0 mm. Therefore, the optimum amount of tip relief also depends on working speed. Time-domain waveforms of the vibration acceleration under f 12 ¼ ! 14 are displayed in Figure 14 . When C a ¼ 0 mm, time-domain waveform obtained by the revised model is similar to that of Ma et al., 5 except for the reduction of amplitude. The reason for this is due to only TVMS excitation under C a ¼ 0 mm. When C a ¼ 8, 15, and 20 mm, time-domain waveforms obtained by the revised model is almost out of phase with those of Ma et al., 5 and amplitude increases with the increasing amount of tip relief. This is mainly owing to introducing the NLSTE excitation. 
Conclusions
In this work, two corrigendums for Ma et al. 5 are proposed. Based on the revised model, mesh stiffness and vibration responses are regained. From the simulations presented in this paper, some conclusions can be summarized as follows:
(1) Considering the effects of the extended tooth contact, the original model is revised to calculate TVMS more accurately. Compared to original TVMS, handover region appears and even threetooth contact takes places. The average mesh stiffness and actual contact ratio both increase for the perfect involute gear. With the increasing input torque, actual contact ratio increases. In addition, the peak-peak values of loaded static transmission error reduce obviously than that of previous model for the condition that the extended tooth contact takes place. (2) Taking the effects of the extended tooth contact and NLSTE, the amplitude vibration responses decrease obviously compared with those of Ma et al. 5 under the same amount of tip relief. Nevertheless, the conclusion ''the tip relief is not effective in reducing the vibration at higher mesh frequency range'' is not consistent with the results in this work any more. Under the amounts of tip relief C a ¼ 8 and 15 mm, the vibration responses decrease apparently at higher frequency range, but when amount of tip relief C a is 20 mm, it is always higher than that under C a ¼ 0 mm, even at the lower frequency range. (3) Based on the revised model, it is found that effects of the extended tooth contact and NLSTE on the vibration responses are significant. Effects of tip relief on vibration responses of the geared rotor system are not only related with the TVMS obtained after tip relief, but also concerned with the NLSTE and working speed. Excessive amount of tip relief will lead to bad vibration responses.
